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ABSTRACT 

P a s s i v e  dampers composed of coils of mul t i - s t r and  wire rope  are 

i n v e s t i g a t e d .  A n a l y t i c a l  r e s u l t s  range from t h o s e  produced Ey complex 

NASTRAN models t o  those  of a Coulomb damping model w i th  v a r i a b l e  

f r i c t i o n  f o r c e .  The l a t te r  a g r e e s  w e l l  w i th  experiment .  The Coulomb 

model is a l s o  u t i l i z e d  t o  gene ra t e  h y s t e r e s i s  loops .  Various o t h e r  

models r e l a t e d  t o  e a r l y  exper imenta l  i n v e s t i g a t i o n s  are d e s c r i b e d .  

S i g n i f i c a n t  closed-form s t a t i c  s o l u t i o n s  f o r  p h y s i c a l  p r o p e r t i e s  of 

s ing le-and  mul t i - s t r and  wi re  ropes  are developed f o r  c e r t a i n  s p e c i f i c  

geomet r i e s  and load ing  c o n d i t i o n s .  NASTRAN models c o n c e n t r a t e  on model 

g e n e r a t i o n  and mode shapes  of 2-s t rand and 7-s t rand s t r a i g h t  wi re  ropes 

w i t h  i n t e r f a c i a l  f o r c e s .  

i 



TABLE OF CONTENTS 

S e c t i o n  T i t l e  Page 

1 . INTRODUCTION 1 

2 . DAMPING CONSIDERATIONS . . . . . . . . . . . . . . . .  3 

L i t e r a t u r e  Discussion . . . . . . . . . . . . . . .  3 

Summary of Techniques . . . . . . . . . . . . . . .  4 

3 . STATIC MODELS . . . . . . . . . . . . . . . . . . . .  9 

Background . . . . . . . . . . . . . . . . . . . . .  9 

Summary . . . . . . . . . . . . . . . . . . . . . .  10 

E f f e c t i v e  Modulus of R i g i d i t y  (E) . . . . . . . . .  15  

E f f e c t i v e  T o r s i o n a l  Modulus of R i g i d i t y  ( E )  . 16 

A p p l i c a t i o n  t o  Dynamic I n v e s t i g a t i o n s  . . . . . . .  17 

4 . SIMPLEST DYNAMIC MODELS . . . . . . . . . . . . . . .  19 

One-Dimensional Models . . . . . . . . . . . . . . .  19 

NASTRAN S i n g l e  Loop Model . . . 22 

S i n g l e  Loop Wire Rope Tests . . . . . . . . . . . .  23 

I so la to r -Suppor t ed  Momentum Wheel Equa t ions  . . 24 

5 . ADVANCED DYNAMIC MODELS . 0 0 e 28 

Basic F i n i t e  E l e m e n t  Models . . . . . . . . . . . .  28 

E q u a t i o n s  of Motion . . . . . . . . . . . . . . . .  2 9  

D i s c u s s i o n  . . . . . . . . . . . . . . . . . . . . .  33 

6 . CONCLUSIONS . . . . . . . . . . . . . . . . . . . . .  35 

7 . REFERENCES . . . . . . . . . . . . . . . . . . . . . .  36 

8 . BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . .  38 

ii 



TABLE OF CONTENTS (CONTINUED) 

T i t l e  P a g e  - S e c t i o n  

9. FIGURES . 4 1  

APPENDIX A. ISOLATOR SHAKER TESTS . . A-1 

APPENDIX B e  WIRE ROPE PROPERTIES . . A-2 

iii 



LIST OF FIGURES 

F i g u r e  1.1 Helical i s o l a t o r s .  

F i g u r e  3.1 

F i g u r e  3.2 P l o t s  comparing t h e  a n a l y t i c a l  and numerical  v a l u e s  

Rope geometry with m2 = 6 and m i  = 1. 

o f  e f f e c t i v e  modulus of r i g i d i t y  of wire rope f o r  
t h e  p r a c t i c a l  range of a. 

F i g u r e  3.3 Modulus of R i g i d i t y  as a f f e c t e d  by t h e  h e l i x  a n g l e .  

F i g u r e  3.4 T o r s i o n a l  s t i f f n e s s  as a f f e c t e d  by t h e  h e l i x  a n g l e .  

F i g u r e  4.1 Wire rope v i b r a t i o n  i s o l a t o r .  

F i g u r e  4.2 Undamped single-degree-of-freedom model. 

F i g u r e  4.3 R i g i d l y  connected Coulomb damper model. 

F i g u r e  4.4 E l a s t i c a l l y  connected Coulomb damper model. 

F i g u r e  4.5 I s o l a t o r  f o r c e  v e r s u s  d f sp lacemen t  curve.  

F i g u r e  4.6 L i s t i n g  of ACSL program f o r  Coulomb f r i c t i o n  model. 

F i g u r e  4.7 Theory (undamped model) vs .  experiment .  

F i g u r e  4.8 Theory (Coulomb model w i t h  c o n s t a n t  f r i c t i o n  f o r c e )  
v s .  experiment .  

F i g u r e  4.9 Theory (Coulomb model w i t h  v a r i a b l e  f r i c t i o n  
f o r c e )  VS.  experiment.  

F i g u r e  4.10 ACSL-generated 60 Hz h y s t e r e s i s  loop.  

F i g u r e  4.10 (Cont.)  ACSL-generated 40 Hz h y s t e r e s i s  loop.  

F i g u r e  4.10 (Cont.)  ACSL-generated 100 Hz h y s t e r e s i s  loop.  

F i g u r e  4.11 S i n g l e  loop w i r e  rope e x p e r i m e n t a l  arrangement .  

F i g u r e  4.12 Momentum wheel w i t h  t h r e e  i s o l a t o r  s u p p o r t  p a i r s .  

F i g u r e  4.13. ACSL model d e f i n i t i o n  arrangement  - w i r e  rope 
i s o l a t e d  GMC momentum wheel. 

i V  



LIST OF FIGURES (CONTINUED) 

F i g u r e  4.14 

F i g u r e  5.1 

F i g u r e  5.2 

F i g u r e  5.3 

F i g u r e  5.4 

F i g u r e  5.5 

F i g u r e  5.6 

F i g u r e  5.7 

F i g u r e  5.8 

F i g u r e  5.9 

F i g u r e  5.10 

F i g u r e  A-l 

F i g u r e  A-2 

F i g u r e  A-3 

F i g u r e  A-4 

Planned o u t p u t  arrangement  f o r  i s o l a t o r - s u p p o r t e d  
i n v e s t i g a t i o n .  

NASTRAN model of two-strand w i r e  rope .  

Cross  s e c t i o n  of two-strand w i r e  rope  showing 
f i n i t e  e l emen t s .  

PENTA MSC/NASTRAN s o l i d  e lement .  

Cross  s e c t i o n  of seven-strand w i r e  rope  showing 
f i n i t e  e l emen t s .  

NASTRAN model of seven-strand w i r e  rope w i t h o u t  
end mass. 

NASTRAN model of seven-strand w i r e  rope  w i t h  
end mass. 

Two-strand w i r e  rope.  

T y p i c a l  mode shape showing end s e p a r a t i o n  
( n o  end mass) .  

T y p i c a l  mode 'shape showing end s e p a r a t i o n  
( w i t h  end mass) .  

T y p i c a l  mode shape showing s l i p p i n g  between s t r a n d s .  

Mass and base a c c e l e r a t i o n s  avg. 

Mass and base d i s p l a c e m e n t s  avg . 
I s o l a t o r  t r a n s m i s s i b i l i t y .  

I s o l a t o r  e f f e c t i v e n e s s .  

V 



L I S T  OF TABLES 

TABLE I. ISOLATOR VIBRATION TEST DATA. 

TABLE 11. ONE POSTULATED VARIATION OF FRICTION FORCE WITH 
FREQUENCY 

TABLE 111. NASTRAN SINGLE LOOP MODEL. 

vi 



1. INTRODUCTION 

Space a c t i v i t i e s  have r e v i t a l i z e d  t h e  importance of damping 

i n v e s t i g a t i o n s .  There h a s  been a s i g n i f i c a n t  i n c r e a s e  i n  t h e  number of 

p a p e r s  on t h e  t o p i c  i n  the l i t e r a t u r e  and a number of r e s e a r c h  

i n v e s t i g a t i o n s  have been i n i t i a t e d .  Long of i n t e r e s t  t o  many, damping 

i s  r e c e i v i n g  i n c r e a s e d  a t t e n t i o n  due t o  a v a r i e t y  of a c t u a l  and 

p o t e n t i a l  a p p l i c a t i o n s ;  among them: l a r g e  space  s t r u c t u r e s ,  space  

s t r u c t u r e s  w i t h  s t r i n g e n t  p o i n t i n g  r e q u i r e m e n t s ,  computer c o n t r o l l e d  

f l e x i b l e  s t r u c t u r e s ,  f l e x i b l e  manufac tu r ing  sys t ems ,  composi te  

materials, swept-forward wings, SDI s t r u c t u r a l  dynamics, and o t h e r s .  

The pr imary i n t e r e s t  of t h i s  i n v e s t i g a t i o n  centers on v i b r a t i o n  

i s o l a t o r s  c o n s t r u c t e d  of wire rope.  Such i s o l a t o r s  have been known t o  

have good c h a r a c t e r i s t i c s  f o r  some t i m e ,  bu t  have not  been ana lyzed  t o  a 

thorough enough degree  t o  be y e t  used i n  space  a p p l i c a t i o n s .  Th i s  l a c k  

of  a n a l y s i s  is a t  least  p a r t l y  due t o  t h e  d i f f i c u l t y  i n  modeling t h e  

dynamics of wire rope i s o l a t o r s .  

Wire rope i s ,  from t h e  b a s i c  p o i n t  of view,  s imply s e v e r a l  s t i a n d s  

of wire t w i s t e d ,  o r  wound, t o g e t h e r .  Some t y p e s  are commonly c a l l e d  

"cab le"  and are used t o  c a r r y  e l e c t r i c i t y ,  s u p p o r t  b r i d g e s  and " c a b l e  

cars," raise and lower heavy l o a d s  and i n  many o t h e r  p r a c t i c a l  ways. A 

less obv ious ,  bu t  e q u a l l y  impor t an t ,  u se  of w i r e  rope  i s  i n  shock and 

v i b r a t i o n  i s o l a t i o n  d e v i c e s  (S i lve rman ,  1985; G i l b e r t ,  1976). The 

s t r u c t u r e  of wire rope p rov ides  many i n t e r f a c e s  a t  which a p o r t i o n  of 

t h e  r e l a t i v e  motion of s t r a n d s  of wire is conver t ed  6y f r i c t i o n  i n t o  
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heat, thereby dissipating vibrational energy (Harris and Crede, 1976). 

Furthermore, the stiffness of wire rope structures can be tailored to 

provide support and restoring forces. Stiffness and damping are 

adjusted by varying wire diameter, the number of strands, pretensioning 

and the arrangement of lengths of the wire rope. Commonly, helical 

coils of ropes are fixed in clamps (see Fig. 1.1) to form individual 

shock and/or vibration isolators. The isolators are used to support and 

isolate communications equipment in vehicles which are subjected to 

large magnitude, short-term accelerations; i.e., "shocks ." In addition 
to absorbing shock, the internal, or system, damping, (Silverman, 1985) 

of  the wire rope devices provides vibrational isolation over wide ranges 

of frequencies and amplitudes. 

The damping characteristics of wire rope and vibration isolators 

made from it are not well understood from the theoretical standpoint. 

Apparently, the design of individual isolators is accomplished by 

experimentation by engineers with considerable experience in applica- 

tions of these devices (Silverman, 1985; Jewell, 1984). Realistic 

mathematical models of wire rope isolators would be useful in the design 

process and perhaps would allow the achievement of the confidence levels 

in isolator characteristics needed for more applications in which 

damping rates and dynamic response must be very accurately known to 

prevent resonance and control interaction problems. 



2 DAMPING CONSIDERATIONS 

L i t e r a t u r e  Di scuss ion  

As ide  from t h e  rather obvious use of i s o l a t o r s  as p a s s i v e  damping 

d e v i c e s  f o r  equipment mounting and /o r  i s o l a t i o n  of r o t a t i n g  d e v i c e s ,  i t  

h a s  been concluded (Rogers,  e t  a l . ,  1986, and o t h e r s )  t h a t  t h e  use  of 

p a s s i v e  p l u s  a c t i v e  damping d e v i c e s  r e s u l t s  i n  a reduced number of 

a c t i v e  c o n t r o l  components and reduced energy and power r equ i r emen t s .  A 

combinat ion of t h e  two t y p e s  of damping can l e a d  t o  more r o b u s t  and 

r e l i a b l e  sys t ems ,  and less expensive systems.  

An examina t ion  of t h e  l i t e r a t u r e  conce rn ing  damping i n d i c a t e s  t h e  

wide ly  d i f f e r i n g  approaches t o  i t s  i n v e s t i g a t i o n .  The most s i g n i f i c a n t  

pape r  i n  t h i s  r e g a r d  which relates t o  w i r e  rope damping i s  t h a t  by 

Pivovarov and Vinogradov (1985).  T h e i r  s t u d y ,  however, w a s  l i m i t e d  t o  

e x c i t a t i o n  of s t r a i g h t  w i r e  rope which suspended a mass i n  pendulum 

f a s h i o n .  Expe r imen ta l  h y s t e r e s i s  l oops  ( shapes  o n l y )  are g i v e n  and 

s e v e r a l  s i n g l e  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  are s o l v e d  i n  a n  a t t e m p t  

t o  s i m u l a t e  t h e  phenomena. 

The o n l y  o t h e r  two items of l i t e r a t u r e  found which d i s c u s s  w i r e  

r o p e  damping d i r e c t l y  are LeKuch and Si lverman (1983) i n  a d e s i g n e r  

notebook se t t i ng - -a  gu ide  t o  i s o l a t o r  s e l e c t i o n ,  and Kerley (1984) who 

j u s t  ment ions wire rope "complex c a b l e "  arrangements  as one type  of 

p a s s i v e  damping d e v i c e .  

S e v e r a l  of t h e  o t h e r  l i t e r a t u r e  p a p e r s ,  w h i l e  not  a d d r e s s i n g  w i r e  

r o p e  damping a t  a l l ,  are v e r y  r e l a t e d  t o  some of t h e  t a s k s  unde r t aken  

3 
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during this research. 

separating and determining combined dampings from free vibrations. 

Another is the paper by Vakakis (1985) on unidirectional isolators 

(multiple mass, many degrees of freedom models). 

One is the work of Badrakan (1985) dealing with 

Summary of Techniques 

Perhaps the best source for damping considerations is the new book 

by Nashif, Jones, and Henderson (1985), although again, no mention of 

wire rope damping is made therein. 

of freedom hysteretic, i.e., k(l+iq), damping. A summary of their 

suggested methods of determining damping follows : 

Their emphasis is on single degree 

a. Half-Power Bandwidth: While probably not appropriate for high 

damping devices such as the isolators of interest in this work, the 

technique involves determining Aw and ures where Aw is the bandwidth 

q - w l ,  between two amplitudes usually taken as 0.707 Amax. 
response peak at wres. For viscous damping, this results i n :  

hax is the 

while for hysteretic damping: 

w res 

Note that the right-hand side of Eq. (2.2) equals 0 for q<<1. 

b. Resonant Response Amplitude: In this method, an amplitude A is 

defined, Eq. ( 2 . 3 ) ,  and determined experimentally. 
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(2 - 3 )  
('p'res - - amplitude of response at resonance 
F/k static displacement A =  

For viscous damping, Eq. (2.3) becomes 

- for <<<I -25 2 <m 
1 A =  

while for hysteretic damping: 

(2.4) 

c. Use of a Nyquist Diagram which is equivalent to a, above. 

d. Hysteresis Loops: The area contained within a force versus 

deflection plot over one cycle of motion equals the energy dissipated 

per cycle, Ds. The simplest example of this is that of base excitation 

of a single degree of freedom system which can be shown to yield, for 

viscous damping : 

Ds = IT c w Wr2 

and for hysteretic damping: 

In Eqs. ( 2 . 6 )  and (2.7), Wr is the relative displacement between the 

single mass and the base, o is the forcing frequency, while c, k, and n 

are the properties of the viscous, c, and hysteretic, k( l + i n ) ,  dampers. 

Expressions which are alternatives to Eqs. (2.6) and ( 2 . 7 )  are 

derived by Nashif, et al., and are 

IT n k C4 Wo2 
' D  = 

S (1+)2 + 112 
(2.6a) 
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and 

(2.7a)  

I n  Eqs. (2.6a) and (2 .7a ) ,  two new terms appea r .  They are: 

Wo = ampl i tude  of harmonic s t e a d y  s t a t e  base  motion 

While t h i s  t e c h n i q u e  seems t o  ho ld  t h e  greatest  promise f o r  a p p l i c a t i o n  

t o  t h e  i s o l a t o r s  of i n t e r e s t ,  i t  should be noted t h a t  a l l  e q u a t i o n s  

(2.6-7a) are f o r  s i n g l e  deg ree  of freedom models w i t h  c o n s t a n t  

p r o p e r t i e s .  

e. Quadra tu re  Bandwidth: I n  t h i s  method, t h e  imaginary p a r t  of 

t h e  r e sponse ,  i s  p l o t t e d  v e r s u s  f r equency  and two p o i n t s  on 
1 o p p o s i t e  s i d e s  of t h e  peak are l o c a t e d  by - 

p o i n t s  i s  then  found. 

The Aw between t h e s e  Q n a ~ *  

For n = f i ,  t h e  r e l a t i o n s h i p  can be shown t o  be: 

A 
“Q = y/1 + 0 . 6 4 3 6 ~  - 41 - 0 . 6 4 3 6 ~  
w res 

( 2 . 8 )  

If n < < l ,  t h e n  u s i n g  t h e  b inomia l  theorem, Eq. (2.8) becomes 

(2  -9) - =  
w A‘ ( 1  + 0 . 3 2 1 8 ~ )  - ( 1  - 0.321817) + ... = 0.643617 
res 

Hence, 

AwQ 17 z.i 1.554 - 
w res 

(2.10) 

f .  Dynamic S t i f f n e s s :  For a s i n g l e  deg ree  of freedom h y s t e r e t i c  

model, t h e  complex r a t i o  of d i sp l acemen t  e x c i t a t i o n  g i v e s  t h e  form:] 

k r a i g ,  R. R., S t r u c t u r a l  Dynamics, Wiley, 1981, p. 101. 
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1 
k - muz + ikq 

w *  
F 

a = L =  (2.11) 

which can also be written in the form 

a = [alei$ = a,, + iaQ (2.12) 

If la1 and 

difficulty (though not impossible) of determining k and rl by solving the 

four equations for Ial, $, aD, and aQ.2 

the dynamic stiffness as K = l/a. Therefore 

are measured experimentally, Nashif, et al., note the 

Alternatively, one may define 

where KD is called the direct dynamic stiffness and 

KQ is the quadrature dynamic stiffness. 

Equating real and imaginary parts of Eq. (2.13) yields 

Plotting KD + mu2 versus frequency and KQ/(KD + mu2) versus 

frequency yields 

k = KD + mu2 

(2.13) 

( 2  .i4) 

(2 .15)  

(2.16) 

(2.17) 

Nashif, et al., note that this method is very helpful when q is high. 

Turning from single degree of freedom considerations, techniques 

for damping analysis vary widely. The authors contend that ultimately 

2Nashif, et al., Vibration Damping, Wiley, 1985, pp 142, 145. 
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the use of finite element software probably holds the best promise for 

solving very complicated geometric arrangements of wire rope. 

et al., discuss the merits and pitfalls of such an approach. 

of damping phenomena by this method is far from trivial, however, and 

greater insight into the basic mechanisms has been the intent of this 

Nashif, 

Treatment 

study 

Attempts to date u s i n g  finite element techniques for this research 

period are discussed in Sections 4 and 5. 



3 .  STATIC MODELS 

Background 

The u s e s  of s t r a n d e d  c a b l e s  i n  c o n v e n t i o n a l  e n g i n e e r i n g  

a p p l i c a t i o n s  are w e l l  recognized.  For r o p e - s e l e c t i o n  and h a n d l i n g ,  

p r a c t i c i n g  e n g i n e e r s  have long depended upon e x t e n s i v e  e x p e r i m e n t a l  

r e s u l t s ,  such  as t h o s e  compiled by Scoble  (1920-1928)  t h a t  began t o  

a p p e a r  i n  t h e  e a r l y  1900s.  More r e c e n t l y ,  t h e  IJ i re  Rope Board and 

f e d e r a l  a g e n c i e s  (1980) have u t i l i z e d  t h e  a v a i l a b l e  e m p i r i c a l  d a t a  t o  

p r o v i d e  g e n e r a l  g u i d e l i n e s  f o r  rope s e l e c t i o n .  Attempts  t o  c o r r e l a t e  

t h e  e x p e r i m e n t a l  d a t a  have met w i t h  some s u c c e s s  (Drucke r s  and Tachau, 

1 9 4 5 ;  Huang, 1 9 7 5 ) ,  y e t  t hese  f a l l  s h o r t  of a n  in-depth u n d e r s t a n d i n g  of 

t h e  e f f e c t s  of v a r i o u s  wire-rope pa rame te r s  on t h e i r  s t a t i c  and dynamic 

behav io r .  I n  v i e w  of t he  r e c e n t l y  proposed a p p l i c a t i o n s  of w i re  ropes 

f o r  augmentat ion of s t r u c t u r a l  damping i n  large s p a c e  s t r u c t u r e s ,  t h e  

importance of such t h e o r e t i c a l  s t a t i c  and dynamic i n v e s t i g a t i o n s  has  

i n c r e a s e d  c o n s i d e r a b l y .  

Of t h e  v a r i o u s  i n v e s t i g a t i o n s ,  s p e c i a l  s i g n i f i c a n c e  i s  a t t a c h e d  t o  

t h e  work of C o s t e l l o  and P h i l l i p s  ( 1 9 7 3 ,  1 9 7 4 )  who adopted a more b a s i c  

approach t o  s t u d y  t h e  s t a t i c  behav io r  of t h e  c a b l e s .  Here t h e  c a b l e s  

were t r e a t e d  as groups of s e p a r a t e  curved r o d s  (Love, 1 9 4 4 )  i n  t h e  form 

o f  h e l i c e s .  Th i s  s t a t i c  a n a l y s i s  l e a d s  t o  a set of n o n l i n e a r  a l g e b r a i c  

e q u a t i o n s  i n  several v a r i a b l e s .  These e q u a t i o n s  are s o l v e d  

s i m u l t a n e o u s l y  u s i n g  t h e  Newton-Raphson a l g o r i t h m .  However, t h e  u t i l i t y  

of t h e  a n a l y s i s  i s  s e v e r e l y  l i m i t e d  as i t  depends on c o m p u t a t i o n a l  

9 
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results obtained for particular cases of cable data. For design, it 

would be far more desirable to have the solution in analytical form that 

can provide an insight into the influence of the various wire rope 

parameters on its deformation characteristics. Such analytical results 

may be of even greater significance for the future investigations of 

wire rope dynamics. 

Summary 

To obtain the analytical solutions, we separately consider two 

different models of cables (Fig. 3 . 1 ) .  In the first, the cable is 

assumed to be a single strand constituted by a single layer of an 
I 

arbitrary number of thin helical wires. The core is assumed to be 

fibrous so that it does not contribute to the strength of the rope 

directly. In the second model, the cable has a metallic wire core that 

is wrapped around by an arbitrary number of layers of helical wires, 

each having its own direction and magnitude of lay. In either of the 

two cases, we assume that an axial force, F, and an axial o r  torsional 

moment, M, when applied to the cable cause it to undergo elongation as 

well as "twist." This results in elongation, changes in the lay angles 

and helix radii of helical wires in each of the layers. An assumption 

of small changes in the wire helix angle and helix radius is utilized to 

develop simple governing linear relations for the applied forces and 

moments in terms of the linear and rotational cable strains. 

A summary of static analyses follows: 

a. Cables with Fibrous Cores. 

The results characterizing the deformation characteristics can be 

summarized as follows : 
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(I)  The l o n g i t u d i n a l  s t ra in ,  €,, in t h e  h e l i c a l  w i r e  and t h e  o v e r a l l  

c a b l e  s t r a i n ,  E, are related by 

( =  E -  Aacot a 

where 

a = l a y  a n g l e  of h e l i c a l  wires when c a b l e  is not  loaded  

Aa = increment  i n  h e l i x  a n g l e  due t o  t h e  a p p l i e d  load  

( i i )  The e x p r e s s i o n  f o r  r o t a t i o n a l  s t r a i n ,  B,  i s  g iven  by 

$ = ( l + v )  E c o t  a - ( A a / s i n 2 a ) [ l  - ( f -v )  c o s 2 a ]  

where 

u = P o i s s o n ' s  r a t i o  of wire material 

( i i i )  The e f f e c t i v e  Modulus of R i g i d i t y  has  been o b t a i n e d  f o r  two 

d i f f e r e n t  end c o n d i t i o n s :  

$ = ' O :  When t h e  f r e e  cab le  end i s  not p e r m i t t e d  t o  r o t a t e  under 

end moment c o n s t r a i n t s ,  i.e., when B=O, t h e  e x p r e s s i o n  f o r  t h e  e f f e c t i v e  

modulus of r i g i d i t y  can be w r i t t e n  as 

( E ) B = o  = g s i n  a ( 3  * 3 )  

F where E = - 
AE E 

A = metallic a r e a  of t h e  c r o s s - s e c t i o n  

E = modulus of r i g i d i t y  of t h e  w i r e  material 

g = I i  - ( l + v ) c o s 2 a  - (l+v){cos2(m/m) - v )  cos4aI  
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M = 0: When t h e  a x i a l  ( t o r s i o n a l )  moment M=O, t h e  e x p r e s s i o n  f o r  
- 

t h e  modulus of r i g i d i t y ,  E ,  t a k e s  t h e  form: 

{ 4h c o s 2 a  + s i n 4 a  s i n 2 (  n/m)( ( l + u ) s i n 2 a  c o s 2 a  

where 

h = [ l+{cos2(n /m)-u)cosa2  + (1-2u)cos4a]  

F igure  3.2 shows a comparison of t h e  v a l u e s  of e f f e c t i v e  modulus of 

r i g i d i t y  f o r  c a b l e s  o b t a i n e d  us ing  t h e  above a n a l y t i c a l  r e s u l t s  w i t h  t h e  

cor responding  numer ica l  r e s u l t s  of C o s t e l l o  and P h i l l i p s  (1976)  over  t h e  

e n t i r e  f e a s i b l e  range of a. A g e n e r a l l y  e x c e l l e n t  agreement between t h e  

two i s  noted,  t h u s  e s t a b l i s h i n g  t h e  v a l i d i t y  of t he  approximate  

a n a l y t i c a l  approach adopted he re .  

b. Cables w i t h  m e t a l l i c  c o r e  

The above approximate  a n a l y t i c a l  approach  i s  now a p p l i e d  t o  

i n v e s t i g a t e  t h e  v a r i o u s  de fo rma t ion  c h a r a c t e r i s t i c s  i n  a more g e n e r a l  

c a b l e  model. Here, we c o n s i d e r  t h a t  t h e  c o r e  wire i s  metal l ic  and l a r g e  

enough to  p reven t  h e l i c a l  wires  i n  a l a y e r  from touching  each  o t h e r ,  

a l t hough  t h e s e  wires remain i n  c o n t a c t  w i th  those  i n  t h e  a d j a c e n t  

l a y e r s .  W e  assume t h e  c a b l e  t o  be made up of n s u c c e s s i v e  l a y e r s ,  

coun t ing  from t h e  innermost  c o r e  which i s  t aken  as t h e  f i r s t  l a y e r .  The 

r e s u l t s  c h a r a c t e r i z i n g  t h e  deformat ion  p r o p e r t i e s  of such a c a b l e  are 

summarized below: 
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( i )  The l o n g i t u d i n a l  s t r a i n  i n  h e l i c a l  wires i n  t h e  i t h  l a y e r  

denoted  by si and t h e  o v e r a l l  l o n g i t u d i n a l  c a b l e  s t r a i n ,  E,  are r e l a t e d  

by 

where 

ai = o r i g i n a l  l a y  a n g l e  of t h e  h e l i c a l  w i r e s  in t h e  i t h  l a y e r .  

A a i  = increment  i n  t h e  l a y  a n g l e  of t h e  h e l i c a l  wires i n  t h e  

i t h  l a y e r  when load  i s  a p p l i e d .  

(ii) The e x p r e s s i o n  f o r  Aai can be w r i t t e n  as 

i- 1 

where 

r j  = h e l i x  r a d i u s  of the h e l i c a l  wires i n  t h e  j t h  l a y e r ;  

j = 1,2, . . . ,  i,...,n. 

R j  = r a d i u s  of t h e  helical  w i r e s  i n  t h e  j t h  l a y e r ;  

j = 1,2  ,..., 2,...,n. 

V j  = v ( R j / r j )  C O S ~ C I ~ ;  j = 1 , 2  ,..., i, ... n. 
R = r a d i u s  of t h e  cable .  
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(iii) The expressions for the applied force, F, and applied moment, 

M, can be stated in the following convenient linear form: 

where 

= F/(AE) 

E = M/(ER3) 

A = metallic area of cross-section; C(miRi2) 
i 

E = modulus of rigidity of the cable material 

R = cable-radius 

mi = number of helical wires in the ith layer 

Ri = radius of the helical wires in the ith layer 

F E  = l[miRi2 sin a.(sin ai-v cos2 ai)l/l[miRi21 
i 1 i 

M = 7r1[mi?ii3 cos ai{(ri/Ri)(sin2 ai - u cos2 “i) 
i E: 

M = 7r1[migi4 sin ai{(ri/Ri)2 cos2 a i 
@ i  

+ (1/4)(l+vf sin4 ai cos 2ai)}1 
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Next, we demonst ra te  the u s e f u l n e s s  of t h e  a n a l y t i c a l  r e s u l t s  by 

a p p l y i n g  t h e s e  t o  s t u d y  some impor tan t  e x t e n s i o n a l  and t o r s i o n a l  

s t i f f n e s s  c h a r a c t e r i s t i c s  of w i r e  ropes .  

E f f e c t i v e  Modulus of R i g i d i t y  (E) 
( a )  No end r o t a t i o n ;  i.e., f3=0: Here t h e  e x p r e s s i o n  f o r  t h e  

e f f e c t i v e  modulus of r i g i d i t y  can be w r i t t e n  as 

(E)6=o = F = l[miRi2sin a i ( s i n 2  ai - U C O S 2  ai) l / l [miRi21 ( 3 . 9 )  
i i E 

( b )  Cable ends f r e e  t o  r o t a t e ;  i.e., M=O: Here, we o b t a i n  

- i l[miEi2(ri/R) s i n 2  ai cos  a,] i l[migi3 cos  a i 

1[miEi4 s i n  a i { ( r . / R i I 2  1 cos2 ai 
i 

+ ( 1 / 4 ) ( l + v f  s i n 4  a icos2a i )}] ]  . (3.10) 
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E f f e c t i v e  T o r s i o n a l  Modulus of R i g i d i t y  ( E )  

E f f e c t i v e  t o r s i o n a l  modulus of R i g i d i t y  (E) is  g i v e n  by 

- 
G = ~ [ l  migi4 s i n  a i{ ( r i /R i )2  cos2 “i + ( 1 / 4 ) ( l + v f  s i n 4  ai c0s2a i )}  

i 

c[Mili3(ri /Ri) s i n 2  ai cos  a i l / l [miEi2  S i n  a . ( s i n 2  ai 
i . i  

1 

- v c o s 2  a i ) ] ]  (3.11) 

To i l l u s t r a t e  t h e  ease of a p p l i c a t i o n ,  we c o n s i d e r  a s p e c i f i c  c a b l e  

w i t h  t h e  fo l lowing  d a t a :  

- F i r s t  l a y e r  ( o r  m e t a l l i c  c o r e ) :  

ml = 1,  a1 = ~ / 2 ,  R1 = a 

- Second l aye r :  

m2 = 6 ,  a2 = a, R2 = a 

- Third l a y e r :  

m3 = 12, a3 = r-a, R3 = a 

- - - 
Eviden t ly  , t h e  above t h r e e  c h a r a c t e r i s t i c s  , ( E )  B=o , (E)M=o , and G,  

would be dependent  on t h e  v a l u e  of a chosen. F igu re  3.3 shows t h e  

e f f e c t  of v a r y i n g  t h i s  l a y  a n g l e  a on t h e  s t i f f n e s s  p r o p e r t i e s  of t h e  

c a b l e .  I n  a l l  c a s e s ,  e f f e c t i v e  e x t e n s i o n a l  modulus of r i g i d i t y  

s i g n i f i c a n t l y  d e c r e a s e s  as a d e c r e a s e s .  The s t i f f n e s s  remains  h i g h e r ,  

however, f o r  t h e  case of “ f i x e d  ends”  when t h e  r o t a t i o n a l  s t r a i n  i s  

z e r o .  



17 

F i g u r e  3.4  p r e s e n t s  t h e  e f f e c t  of v a r y i n g  a on t h e  t o r s i o n a l  

s t i f f n e s s .  Here t h e  t r e n d  i s  r e v e r s e d  as i n c r e a s i n g  a l e a d s  t o  r a p i d  

f a l l  in t h e  t o r s i o n a l  r i g i d i t y  of t h e  c a b l e s .  Needless  t o  say ,  such  

p l o t s  could  be r e a d i l y  gene ra t ed  f o r  any a r b i t r a r y  s i t u a t i o n ,  t h u s  

f a c i l i t a t i n g  t h e  cho ice  of geometr ic  parameters  of t h e  c a b l e .  

A p p l i c a t i o n  t o  Dynamic I n v e s t i g a t i o n s  

To i l l u s t r a t e  t h e  u s e f u l n e s s  of t h e  a n a l y t i c a l  r e s u l t s  i n  dynamic 

s t u d i e s ,  c o n s i d e r  a v e r t i c a l l y  hanging c a b l e  clamped a t  t h e  upper  end 

and c a r r y i n g  a weight  a t  i t s  f r e e  end. The d i f f e r e n t i a l  e q u a t i o n s  

gove rn ing  t h e  c a b l e  "ex tens ion- twis t"  o s c i l l a t i o n s  (assuming t h e  weight  

of t h e  c a b l e  i t s e l f  t o  be n e g l i g i b l e )  can be w r i t t e n  a s  

(d2B/d t2 )  = - [M E + M B  B ]  111 E 

(3.12) 

( 3 . 1 3 )  

where 

W = weight  of t h e  hanging mass 

I = moment of i n e r t i a  of t h e  m a s s  ( r e l a t e d  t o  c a b l e  t w i s t )  

R = l e n g t h  of t h e  c a b l e  . 

It is  now easy  t o  de t e rmine  the  f requency  of t h e  coupled o s c i l l a t i o n s .  

The e x p r e s s i o n  f o r  t h e  n a t u r a l  f r e q u e n c i e s  (w) of t h e  coupled 

o s c i l l a t i o n s  can be w r i t t e n  as 
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The dimensionless analytical force and torsional moment relations 

developed here are rather general. The explicit form of results is 

found to be useful in predicting the rope stiffness against elongation 

as well as rotation. The examples considered here demonstrate the 

computational ease and effectiveness with which the closed-form solution 

can be utilized in various studies. The results of the static analyses 

would be quite useful in dealing with any general problem of wire rope 

dynamics. Finally, the valuable insight thus gained into the relative 

deformation behavior of wire strands is likely to facilitate modeling of 

energy dissipation in the rope through internal rubbing action. 



4 .  SIMPLEST DYNAMIC MODELS 

One-Dimensional Models 

It i s  p o s s i b l e  t o  p o s t u l a t e  s e v e r a l  spring-mass-damper one- 

d imens iona l  i s o l a t o r  models. These models i n c l u d e  a n  undamped model, a 

r i g i d l y  connected Coulomb damper model, and an e l a s t i c a l l y  connected 

Coulomb damper model. In Fig.  4.1 i s  shown t h e  wire rope  v i b r a t o r  

i s o l a t o r  being modeled, and i n  F igs .  4.2 th rough  4.4 are shown t h e  

s i m p l e s t  ma themat i ca l  models s t u d i e d .  

For  t h e  i s o l a t o r  shown i n  Fig.  4.1, an e x p e r i m e n t a l  s t u d y  has  been 

performed t o  de t e rmine  t h e  frequency r e sponse  c h a r a c t e r i s t i c s .  The 

e x p e r i m e n t a l  arrangement  c o n s i s t e d  of e x c i t i n g  t h e  base v e r t i c a l l y .  

Most of t h e  i s o l a t o r  f requency response d a t a  i s  p r e s e n t e d  i n  Appendix A .  

I n  Table  I are shown t h e  numerical  v a l u e s  of a c c e l e r a t i o n  and 

d i sp lacemen t  f o r  t h e  i s o l a t o r  base and c e n t e r  mass s h a k e r  tes t .  A p l o t  

o f  t h i s  e x p e r i m e n t a l  d a t a  appears  w i t h  a n a l y t i c a l  cu rves  d i s c u s s e d  and 

r e f  e r r e d  t o  below. 

For u s e  in an a n a l y t i c a l  comparison, a n  e x p e r i m e n t a l  s t i f f n e s s  

c u r v e  has  been o b t a i n e d .  The arrangement used f o r  t h e  s t i f f n e s s  

measurements was as f o l l o w s .  The i s o l a t o r  w a s  mounted v e r t i c a l l y ;  

upside-down from t h e  p o s i t i o n  shown i n  Fig.  4.1. A h o r i z o n t a l  metal 

s t r i p  w a s  a t t a c h e d  t o  t h e  c e n t e r  mass of t h e  i s o l a t o r  w i t h  a n  LVDT 

a r r a n g e d  a t  i t s  o p p o s i t e  end t o  measure mass d i sp lacemen t .  The 

p rocedure  used in t h e  measurements w a s  t o  app ly  known s t a t i c  l o a d s  t o  

t h e  i s o l a t o r  c e n t e r  mass and monitor t h e  downward d i sp lacemen t  by use  of 

19 
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t h e  LVDT and a v o l t m e t e r .  The s t i f f n e s s  cu rve  is shown i n  F i g .  4.5 and 

i s  seen to  be n o n l i n e a r .  The ave rage  s t i f f n e s s  i s  approx ima te ly  100 

l b l i n .  

The gove rn ing  e q u a t i o n  of motion f o r  t h e  model shown i n  F ig .  4.2 i s  

.. 
Mx + K(x-u) = 0 (4 .1)  

where x and u are p o s i t i v e  as shown i n  t h e  f i g u r e  and M and K are t h e  

mass and s t i f f n e s s ,  r e s p e c t i v e l y .  The we igh t  of t h e  c e n t e r  mass f o r  t h e  

i s o l a t o r  i s  0.1359 l b ,  and t h e  s t i f f n e s s  used ( a n  ave rage  v a l u e )  i s  

97.656 l b l i n .  Equa t ion  (4.1) w a s  s o l v e d  u s i n g  t h e  Advanced Continuous 

S imula t ion  Language (ACSL) i n  p r e p a r a t i o n  f o r  more invo lved  model 

s o l u t i o n s .  A l i s t i n g  of t h e  program i s  shown i n  F i g .  4.6. In F i g .  4.7 

i s  shown a comparison of t h e  f r equency  r e sponse  f o r  t h e  e x p e r i m e n t a l  

arrangement ,  p r e v i o u s l y  d e s c r i b e d ,  and t h e  undamped model of F ig .  4.2 as 

s o l v e d  by ACSL. The mass d i sp lacemen t  f o r  t h e  undamped model i s  h i g h e r  

t h a n  the  mass d i sp lacemen t  f o r  t h e  real  i s o l a t o r  a t  a l l  f r e q u e n c i e s  as 

was expected.  However, F ig .  4.7 does show t h a t  t h e  undamped one- 

d imens iona l  model d i s p l a y s  t h e  same b a s i c  behav io r  as t h a t  of t h e  rea l  

i s o l a t o r .  Of c o u r s e ,  t h e  r e sponse  of t h e  undamped model i n c r e a s e s  

w i t h o u t  bound a t  t h e  n a t u r a l  f r equency  of t h e  model. The n a t u r a l  

f r equency  of t h e  undamped model i s  approx ima te ly  84 Hz, w h i l e  t h e  

r e s o n a n t  f r equency  of t h e  real  i s o l a t o r  is approx ima te ly  75 Hz. F i g u r e  

4.7 i s  s i g n i f i c a n t  because it shows t h a t  one-dimensional models hold 

promise f o r  modeling t h e  behav io r  o f ,  a t  l ea s t ,  t h e  u n i - a x i a l  motion of 

t h e  i s o l a t o r .  From t h e s e  r e s u l t s ,  i t  would be expec ted  t h a t  by 

i n c o r p o r a t i n g  damping i n t o  t h e  model, good r e s u l t s  would be o b t a i n e d .  

This  was t h e  next  s t e p  t a k e n  i n  t h e  a n a l y t t c a l  s t u d y .  
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It has  been surmlzed t h a t  t h e  damping i n  wire rope  i s o l a t o r  systems 

i s  d ry  f r i c t i o n ,  o r  Coulomb, damping. By i n c o r p o r a t i n g  a f r i c t i o n  f o r c e  

i n  t h e  e q u a t i o n  of motion, a mathemat ica l  model of t h e  sys tem shown i n  

F i g .  4.3 i s  ob ta ined .  The equa t ion  of motion i s  

Mi + K(x-u) + s g n ( i )  Ff = 0 ( 4  * 2 >  

where Ff i s  t h e  Coulomb f r i c t i o n  f o r c e  which always opposes  t h e  motion 

of  t h e  mass. A s  a f i r s t  approximat ion ,  i t  w a s  assumed t h a t  t h e  f r i c t i o n  

f o r c e  is  c o n s t a n t  f o r  a l l  f r e q u e n c i e s .  Using a c o n s t a n t  f o r c e  of 2.25 

l b ,  t h e  mass disp lacement  response shown i n  F ig .  4.8 w a s  o b t a i n e d ,  a g a i n  

u s i n g  ACSL. It i s  seen  t h a t  t h e  model i s  overdamped f o r  most of t h e  

f r equency  range.  

dependence of t h e  f r i c t i o n  f o r c e  F f .  It w a s  found t h a t  f o r  low 

f r e q u e n c i e s  (below 60 Hz) the  a n a l y t i c a l  mass response  is not as 

s e n s i t i v e  t o  changes i n  t h e  f r i c t i o n  f o r c e  Ff as i t  is  a t  h i g h e r  

f r e q u e n c i e s .  Using t h e  va lues  of Ff shown i n  Table 11, t h e  f requency  

r e sponse  shown i n  F ig .  4 . 9  was ob ta ined .  It i s  seen  t h a t  t h i s  model i s  

i n  much b e t t e r  agreement wi th  exper iment  t han  t h e  model which assumes no 

f r equency  dependence of t h e  f r i c t i o n  f o r c e .  It i s  i n t e r e s t i n g  t o  n o t e  

t h a t  f o r  t h e  Coulomb-damped models,  t h e  n a t u r a l  f requency  i s  about  80 

Hz, s l i g h t l y  lower than  t h e  r e sonan t  f r equency  of t h e  undamped model. 

'l%ese results l ed  t o  t h e  i n v e s t i g a t i o n  of f requency  

The i n s e n s i t i v i t y  of the Coulomb-damped model t o  changes i n  Ff a t  

low f r e q u e n c i e s  s u g g e s t s  t h a t  t h e  i s o l a t o r  might b e s t  be modeled as an 

e l a s t i c a l l y  connected Coulomb damper system as shown i n  F ig .  4.4. 
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To d a t e ,  good r e s u l t s  as d e s c r i b e d  above have been o b t a i n e d  f o r  t h e  

d isp lacement  r e sponse  of t h e  Eq. ( 4 . 2 )  model. An a n a l y t i c a l  h y s t e r e s i s  

l o o p ,  gene ra t ed  by t h e  ACSL model w i t h  v a r i a b l e  f r i c t i o n  f o r c e ,  i s  shown 

i n  F igure  4.10. The a c c e l e r a t i o n  r e s p o n s e  of t h e  mathemat ica l  model, 

however, has  not agreed  w e l l  w i t h  exper iment .  Th i s  needs f u r t h e r  

s t u d y .  

NASTRAN S i n g l e  Loop Model 

A NASTRAN b a r  e lement  model i n  t h e  form of an e l l i p s e  has  been 

gene ra t ed .  Table  111 is  a program l i s t i n g .  There are 100 g r i d  p o i n t s  

symmetr ica l ly  a r r anged  t o  match g e o m e t r i c a l l y  t h e  s i n g l e  w i r e  rope loop  

t es t  t o  be d e s c r i b e d .  Those g r i d  p o i n t s  in t h e  r e g i o n  of t h e  clamped 

p o r t i o n  of t h e  e l l i p s e  are f i x e d  a g a i n s t  any movement; t hose  in t h e  

r e g i o n  of t h e  s l i d i n g  b lock  ( t o  be d e s c r i b e d )  a r e  a l lowed o n l y  

t r a n s l a t i o n  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  p l ane  of t h e  l o o p .  

A l l  o the r  g r i d  p o i n t s  are al lowed s i x  deg rees  of freedom. A r e s t r i c t e d  

parameter  s tudy  has  been c a r r i e d  o u t  w i t h  t h e  f o l l o w i n g  as p a r a m e t e r s :  

E ,  G ,  A,  I,, Iy, and J. 

s e v e r a l  of t h e s e .  

Appendix B summarizes t h e  computa t ion  of 

A t e n t a t i v e  c o n c l u s i o n  a t  t h i s  p o i n t  is t h a t  v a r y i n g  E and G can 

r e s u l t  i n  a s t i f f n e s s  v a l u e  e q u a l  t o  t h a t  o b t a i n e d  e x p e r i m e n t a l l y ;  

however, q u e s t i o n s  s t i l l  remain concern ing  t h e  v a l i d i t y  of t h e  

parameter v a l u e s  used.  In g e n e r a l ,  E and G v a l u e s  seem t o  have t o  be 

lowered a n  o r d e r  of magnitude more than  t h o s e  r easonab ly  expec ted  i n  

o r d e r  t o  a g r e e  w i t h  exper iment .  Th i s  geomet r i c  ( looped)  case has  not  

y e t  been so lved  a n a l y t i c a l l y  l i k e  t h e  o t h e r  s i m p l e r  cases i n  SECTION 3 ,  

however. 
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Single-Loop Wire Rope Tests 

A s i n g l e  w i r e  rope  loop  has  been mounted i n  a s p e c i a l  d e v i c e  which 

h a s  t h e  c a p a b i l i t y  t o  clamp one "s ide" of t h e  e l l i p t i c a l  loop.  The 

o p p o s i t e  " s ide , "  though f r e e  t o  move p e r p e n d i c u l a r l y  t o  t h e  p l ane  of t h e  

w i r e  rope loop ,  p r e v e n t s  t h e  w i r e  rope  from e x p e r i e n c i n g  any degrees  of 

freedom o t h e r  t han  t h i s  one. I n  t h i s  manner, one "loop" of a t y p i c a l  

wire rope  i s o l a t o r  i s  s imula ted .  The means by which such a r e s t r i c t i v e  

motion i s  accomplished i s  through t h e  use  of two low f r i c t i o n  l i n e a r  

b e a r i n g s  which f i t  c l o s e l y  on a c l o s e  t o l e r a n c e  s h a f t .  The b lock  which 

houses  t h e  b e a r i n g s  a l s o  has  the  means t o  clamp t h e  moving "s ide"  of t h e  

w i r e  rope  loop.  F i g u r e  4.11 i s  a photograph of t h i s  p a r t i c u l a r  tes t  

a r rangement .  I n t e r e s t i n g l y ,  i f  on ly  one h a l f  of t h e  wi re  rope  loop  is 

a t t a c h e d ,  t h e  b e a r i n g s  and t h e i r  housing " r o l l "  about  t h e  s h a f t  as t h e  

l o o p  i s  moved p e r p e n d i c u l a r  to  i t s  p lane .  No such " r o l l "  i s  observed  

w i t h  a symmetr ica l  loop  i n  place.  

No a t t e m p t  was made t o  match t h e  s i z e  of w i r e  rope t e s t e d  in t h e  

a forement ioned  dev ice  w i t h  the  a c t u a l  s i z e  used f o r  t h e  c a n d i d a t e  

i s o l a t o r .  Th i s  is  p r i m a r i l y  due t o  t h e  i m p r a c t i c a l  small b e a r i n g l s h a f  t 

d imens ions  r e q u i r e d  t o  do so. I n s t e a d ,  i t  w a s  dec ided  t h a t  a l a r g e r  

l o o p  would e x h i b i t  a phenomenon similar t o  a smaller loop  and our  

r e s e a r c h  would c e n t e r  on e x p l o r a t i o n  of such a t  p r e s e n t .  

To d a t e ,  tests have been performed p r i m a r i l y  t o  a s c e r t a i n  wire rope  

s t i f f n e s s  v a l u e s  f o r  comparison w i t h  t h e  NASTRAN model a l r e a d y  

d e s c r i b e d .  The arrangement  should be more s i g n i f i c a n t  when t h e  s t a t i c  

models i n  S e c t i o n  3 are extended t o  t h e  combined b e n d i n g l t w i s t i n g  case, 
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and /o r  t h e  bending/twisting/extension case which shou ld  more 

r e a l i s t i c a l l y  d e s c r i b e  the i s o l a t o r  a p p l i c a t i o n .  

Another test be ing  planned is a dynamic t es t  t o  de t e rmine  t h e  

h y s t e r e s i s  l oop  f o r  a s i n g l e  w i r e  rope  loop .  It is v e r y  l i k e l y  t h a t  

t h i s  w i l l  have t o  i n v o l v e  - t w o  l o o p s  ( b o t h  in t h e  same p l a n e ,  

symmet r i ca l ly  a r r a n g e d  to  each s i d e  of t h e  b e a r i n g / s h a f  t movement) and a 

s p e c i a l  two-point shake r  e x c i t a t i o n  scheme w i t h  a t  least  two dynamic 

f o r c e  gages.  

Using t r a d i t i o n a l  t e rmino logy  of a 2a x 2b e l l i p t i c a l  l oop  of wire 

r o p e ,  loops w i t h  large v a l u e s  of a / b  are less s t i f f  t h a n  t h o s e  w i t h  a / b  

v a l u e s  approaching u n i t y .  The t a b l e  below g i v e s  s p e c i f  Ic e x p e r i m e n t a l  

v a l u e s  : 

2a 2b Lgth of Cable S t i f E n e s s  
a / b  ( i n c h e s )  ( i n c h e s )  ( i n c h e s )  ( l b s j i n . )  

1 . l l  2.5 2.25 7.461 5.138 
1.22 2.75 2.25 7.854 3.292 
1.44 3.25 2.25 8.639 2.144 

Experimental  f o r c e  v e r s u s  d e f l e c t i o n  c u r v e s ,  wh i l e  not  shown, are 

r e a s o n a b l y  l i n e a r .  

I so l a to r -Suppor t ed  Momentum Wheel Equa t ions  

Conslder  a momentum wheel of mass M suppor t ed  by t h r e e  

symmet r i ca l ly  spaced u n i a x i a l  i s o l a t o r s .  The momentum wheel ,  w h i l e  

symmetr ical ,  has an unbalanced mass m o f f s e t  by a d i s t a n c e  e from i t s  

s p i n  ax i s .  F i g u r e  4.12 shows bo th  a s i d e  view and a t o p  view of t h e  

d i s c ,  axes ,  etc.  For t h e  s p i n  axis 2 ,  and a n  imaginary f i x e d  p l a n e  

which c o n t a i n s  m and e l o c a t e d  by t h e  c o o r d i n a t e  9 from x, t h e  modif ied 

E u l e r  e q u a t i o n s  are (Meriam, 1 9 7 5 )  : 
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( 4  -3) 

0 - - 
cMx - I X X  nx 

= I i - (Izz-Ixx)Rznx - 
YY Y 

cMz - - I Z Z  A Z + I  Z Z  i 

Using F ig .  4.12 and assuming t h a t  t h e  e c c e n t r i c  mass m i s  a d i s t a n c e  h 

above p o i n t  0,  t h e  l e f t -hand  s i d e s  of E q s .  (4.3) can be found t o  be 

CMx = - mg e s in+  + R I R c o s  al - Ro R cosa2 + R R s i n a 3  

02 + me(nz + $)h c o s +  - me(Rz2 + $ ) h  s i n  $ 

CM = mge cos$ - RIR sin a1 + R R cosa3 - RoR sin a2 (4.4) Y 2 

.2 + me(Qz2 + $ )h  cos$ + + $)h sin$ 

.. 
ZM = - rneZ(;= + 4 )  + M (t) - ~ R R ,  z z 

IT R z t  - b 3 4 -  where a = R t  + 1 ~ 1 2  - 120' = R t  + IT - - IT = 1 6 

3 n *2 = 2a - - 'TI - R t  = - - 

n z t  - 7 9 = R t  + n - 2 (7 lr) = 

2 2 RZt 

71 2 

and Rt = t a n g e n t i a l  r e a c t i o n s  a t  each i s o l a t o r  p a i r .  

The s i m p l e s t  form of the s u p p o r t  f o r c e s  would be i n  the form of k 

times d e f l e c t i o n .  These are 
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R1 = kl(Rexcos al - R e  
Y 

R2 = k2(R9, s i n  a3 + R9 

Ro = - 
Rt = kt R$ 

S i n  a l l  

cos  0 , )  
Y 

ko(RBx @os a2 + R8 s i n  a, )  
Y 

Ac tua l ly  t h e  k ' s  shown i n  E q .  ( 4 . 5 )  w i l l  be modi f ied  t o  r e f l e c t  a more 

realist ic Coulomb f r i c t i o n  suppor t  a c t i o n .  

The mass moment of i n e r t i a  of t h e  d i s c  r e f e r r e d  t o  p o i n t  0 ,  

i g n o r i n g  t h e  e c c e n t r i a  mass m (m<<M), i s  

0 
- 

0 

Also needed are t h e  r e l a t i o n s h i p s  between t h e  8 ' s  and R ' s  which are 

9, = & d t  9,(0) = oo 

BZ = % d t  e J 0 )  = 0' 

The se t  of e q u a t i o n s  ( ( 4 . 3 )  th rough ( 4 . 7 ) )  can be so lved  f o r  t h e  

h i g h e s t  o rde red  d e r i v a t i v e s  and i n t e g r a t e d  numer i ca l ly .  A scheme t o  do 

t h i s  with ACSL is shown i n  F ig .  4 . 1 3  w i t h  t h e  a d d i t i o n a l  c a p a b i l i t y  of 

i n c o r p o r a t i n g  t h e  s u c c e s s f u l  m o d e l - w i t h v a r i a b l e - f r i c t i o n - f o r c e  i n t o  t h e  
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s i m u l a t i o n  as a mult iply- invoked MACRO. Vector  i n t e g r a t o r s  can be 

c o n v e n i e n t l y  used t o  handle  t h e  8 and Q r e l a t i o n s h i p s .  

o p e r a t i o n s  are shown i n  F ig .  4.13 by t h e  { } b r a c k e t s .  

which would be a measure of s u c c e s s f u l  i s o l a t i o n  i s  p o s t u l a t e d  as 

Vector  

A parameter  

emax e q u a l s  z e r o  would be p e r f e c t  i s o l a t i o n .  It should be noted t h a t  

t h e  t h r e e  v a r i a b l e s  i n  Eq. (4 .8 )  v a r y  w i t h  t i m e ,  i n  g e n e r a l ,  so t h a t  

peak-to-peak o r  rms v a l u e s  would be most meaningful  f o r  t h e  g e n e r a l  

case. Ac tua l  p a r a m e t r i c  runs on t h e  computer exceed t h e  scope  of t h i s  

phase  of t h e  r e s e a r c h .  An a n t i c i p a t e d  form of t h e  o u t p u t  i s  shown i n  

F ig .  4.14. 



5 .  ADVANCED DYNAMIC MODELS 

Basic F i n i t e  Element Models 

For t h e  purpose of p r e l i m i n a r y  a n a l y s i s ,  t h r e e  NASTRAN f i n i t e  

e lement  models have been developed .  Two of t h e s e  are comple te  models 

(i.e.,  i n c l u d i n g  a l l  seven  s t r ands - - s ix  wound and one maiden) of a l i n e  

segment of t h e  c a b l e .  The o t h e r  i s  an  incomple t e  model of t h e  same l i n e  

segment,  which h a s  been developed  as a g e o m e t r i c  check f o r  t h e  comple te  

models.  

The incomple t e  model, h e r e a f t e r  r e f e r r e d  t o  as " t h e  two s t r a n d  

model," w a s  t h e  f i r s t  t o  have been developed .  This model c o n s i s t s  of a 

maiden s t r a n d  around which a s i n g l e  s t r a n d  i s  wound ( s e e  F ig .  5.1).  

Both the  maiden and t h e  wound s t r a n d s  are subd iv ided  i n t o  276 elements;  

e a c h  s t r a n d  r e q u i r i n g  1932 g r i d  p o i n t s  f o r  d e f i n i t i o n .  The hexagonal  

cross s e c t i o n  of each s t r a n d  c o n s i s t s  of s i x  t r i a n g u l a r  segments  ( s e e  

F i g .  5 .2) .  Each t r i a n g u l a r  segment r e p r e s e n t s  t h e  upper  ( o r  lower)  

s u r f a c e  of  s o l i d  "pie-shaped'' PENTA e lemen t s  ( s o l i d  t r i a n g u l a r  e l emen t s  

used  i n  MSC-NASTRAN). F i g u r e  5.3 shows a t y p i c a l  PENTA e lement .  The 

t h i c k n e s s  of each  element  (0.002 i n c h e s )  i s  twice t h e  l e n g t h  of each  

element. Th i s  r e s u l t s  i n  t h e  maiden s t r a n d  be ing  0.09 i n c h e s  i n  l e n g t h  

and 0.002 i n c h e s  i n  d i ame te r .  That i s ,  t h e  l i n e  segment modeled h a s  a 

L/D r a t i o  of 45 .  

The wound s t r a n d  forms a h e l i x  a n g l e  of 72  degrees .  Both s t r a n d s  

are connected by scalar e l a s t i c  e l emen t s  ( s p r i n g s ) ,  which w e r e  

i n c o r p o r a t e d  t o  model t h e  normal f o r c e s  a c t i n g  on each  s t r a n d .  F i g u r e  

5.2 shows t h e  arrangement  of t h e  scalar e las t ic  e l emen t s .  

28 
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The complete  models a r e  similar t o  the two s t r a n d  model w i t h  one 

e x c e p t i o n ;  t h a t  is ,  the complete models c o n s i s t  of a maiden s t r a n d  and 

s i x  wound s t r a n d s .  Hence, t h e  name, "seven s t r a n d  model." The wound 

s t r a n d s  are connected t o  the maiden s t r a n d  and t o  a d j o i n i n g  wound 

s t r a n d s  by s p r i n g s .  A t y p i c a l  c r o s s  s e c t i o n  of a seven  s t r a n d  model i s  

shown i n  F ig .  5.4. Also shown i n  t h i s  f i g u r e  i s  t h e  arrangement  of t h e  

s p r i n g  e l emen t s .  

The d i f f e r e n c e  i n  t h e  two seven-strand models o c c u r s  i n  t h e i r  

boundary c o n d i t i o n s .  Both models are suspended a t  one end. The f i r s t  

model has t h e  o t h e r  end f r e e ,  t h u s  forming a f i x e d - f r e e  l i n e  segment of 

t h e  w i r e  rope (see F ig .  5.5). The second model h a s  a mass a t t a c h e d  t o  

t h e  o t h e r  end of t h e  w i r e  rope ( s e e  F ig .  5.6).  Th i s  model has  been 

d e s i g n a t e d  as s imply " the  pendulum model". The t i p  mass, M ,  i s  one and 

one-half times as heavy as the w i r e  rope.  

Equat ions of Motion 

The de fo rma t ion  of t h e  c a b l e  w a s  modeled u s i n g  t h e  assumed modes 

method. Using t h i s  method, t h e  p o s i t i o n  v e c t o r  of a g e n e r i c  mass 

element  (see F ig .  5.7), dm, can be expres sed  as 

m " 

where are t h e  mode shape v e c t o r s ,  and q are t h e  g e n e r a l i z e d  

c o o r d i n a t e s .  The mode shape v e c t o r s ,  4 are f u n c t i o n s  of t h e  

undeformed c o o r d i n a t e s ,  xo, yo, and zO. 

NASTRAN f i n i t e  element models d e s c r i b e d  above. 

j j 

j '  

They were o b t a i n e d  from t h e  MSC 
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The e q u a t i o n s  of motion were o b t a i n e d  v i a  a Lagrang ian  approach.  

To fo rmula t e  t h e  Lagrang ian ,  t h e  p o t e n t i a l  and k i n e t i c  e n e r g i e s  of t h e  

w i r e  rope segment are r e q u i r e d .  The former i s  t h e  sum of t h e  e l a s t i c  

and g r a v i t a t i o n a l  p o t e n t i a l  e n e r g i e s .  For the c o n t r i b u t i o n  due t o  t h e  

e l a s t i c i t y  of t h e  system, we can wr i t e  

where gs is  t h e  s y s t e m ' s  s t i f f n e s s  matrix and q = ( q l  q2...q )T. - - n 

The f o l l o w i n g  a s sumpt ions  were made i n  o r d e r  t o  f o r m u l a t e  t h e  

g r a v i t a t i o n a l  p o t e n t i a l  energy : 

i .  l e n g t h  of segment = L 

ii. mass p e r  u n i t  l e n g t h  = ci 

iii. small d i s p l a c e m e n t s  i n  t h e  xz-plane 

With t h e s e  a s sumpt ions ,  t h e  e x p r e s s i o n  f o r  t h e  g r a v i t a t i o n a l  p o t e n t i a l  

e n e r g y  becomes 

where K i s  t h e  g r a v i t a t i o n  s t i f f n e s s  matrix. The matrix,  K i s  g i v e n  
=g =g 

by 

N-1 L z 
K = -1/2 1 / u. / o [ g ' ] T [ z ' ] d <  dzo 
=g i = o  0 = o  

( 5 . 4 )  

(,jl ~~...k). and 2 - = I n  t h e  case of t h e  d where 4'  = (100)- (9) 

pendulum model, t h e  g r a v i t a t i o n a l  s t i f f n e s s  matrix a l s o  h a s  t h e  

f o l l o w i n g  t e r m  added t o  i t :  

- dz 
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L 

0 
1 / 2  M I [$ ' lT [p '1  dzo 

With t h e  c a b l e  f i x e d  a t  t h e  upper  end, t h e  k i n e t i c  energy  of t h e  

pendulum sys tem can be expressed  as 

*-' OT - T  

i = O  m. 
T = 1 /2  1 1 zdm :dm dm + 1/2  M & 

1 

where fdm and 

t i p  mass, r e s p e c t i v e l y .  N r e p r e s e n t s  t h e  number of s t r a n d s  i n c l u d e d  i n  

t h e  model. The s t r a n d s  a r e  numbered such  t h a t  t h e  maiden s t r a n d  i s  i = O ,  

and t h e  o t h e r s  are numbered i n  a coun te rc lockwise  manner beginning  w i t h  

i -1 .  Using Eq. ( 5 . 1 ) ,  t h e  expres s ion  f o r  t h e  k i n e t i c  energy  can be 

r e w r i t t e n  as 

a r e  t h e  v e l o c i t i e s  of a g e n e r i c  mass e lement ,  and t h e  
7 I l  

where - i s  t h e  g e n e r a l i z e d  mass m a t r i x  g iven  by 

where t h e  b racke ted  Q terms a r e  e v a l u a t e d  a t  t h e  lower end. For t h e  

seven-s t rand  model w i thou t  the we igh t ,  t h e  second t e r m  i n  Eq. (5.7) i s  

n e g l e c t e d  ( i  .e. , M=O) . 
The nonconse rva t ive  f o r c e s  a c t i n g  on dm are assumed t o  be due t o  

v i s c o s i t y  and Coulomb f r i c t i o n  between t h e  s t r a n d s .  

damping f o r c e s  are modeled as 

Genera l i zed  v i s c o u s  



32 

where [ _D ] is a diagonal matrix of structural damping coefficients. 

The generalized Coulomb damping forces are obtained from 

- 

T N- 1 

QC i=O m 
= 1 1 2 dmidm 

i 
( 5 . 9 )  

where fdmi denotes the force on an element dm of the ith strand. If p 

denotes the coefficient of friction between the strands, and fij denotes 

the magnitude of the normal force between the ith and jth strands, then 

for the maiden strand, fdm becomes 
0 

(5.10) 

A A 

t. and b. are the unit tangent and binormal vectors, respectively, of 

dmi. For  the other strands, we have 
-1 -1 

with 

(5.11) 

(5.12) 
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The u n i t  t a n g e n t  and binormal v e c t o r  are g i v e n  by 

A A A A 

= cos  a[- s i n  ei & + cos e j l  + s i n  a k, si i -  

and 
A A A A 

bi = s i n  a[sin Bi 1 - cos Bi j] + cos  a k - - 

where ei(zo) is t h e  a n g l e  of t h e  c e n t e r  l i n e  of t h e  ith s t r a n d  a t  z o o  

The e q u a t i o n s  of motion are then  o b t a i n e d  from 

& {:I-%- ab- + 

where = T - Vs-Vg. The r e s u l t i n g  e q u a t i o n s  of motion are 

(5.13) 

where H j ,  d j  , and K. are t h e  g e n e r a l i z e d  mass, damping c o e f f i c i e n t  and 

s t i f f a e s s  c o e f f i c i e n t ,  respective:y, f o r  the j t h  vibrational mode. 

K 

J 

is t h e  jth row of gg, and Q, i s  t h e  j th  element  of 9,. 
j -g j 

D i s c u s s i o n  

Complete normal mode a n a l y s e s  have been performed on t h e  f i n i t e  

e l emen t  models p r e v i o u s l y  d i scussed .  The cases of pr imary i n t e r e s t  are 

t h e  two seven-strand models. The i n f o r m a t i o n  a c q u i r e d  from t h e s e  

a n a l y s e s  are twofold.  F i r s t ,  t h e  mode shape v e c t o r s ,  4 .  are n e c e s s a r y  

t o  d e f i n e  t h e  de fo rma t ion  of the s t r u c t u r e  i n  t h e  a n a l y t i c a l  e q u a t i o n s .  

F i g u r e s  5.8-5.9 are t y p i c a l  mode shape p l o t s .  Second, t h e  c o n t a c t  

f o r c e s  normal t o  t h e  s t r a n d s ,  f i j  , have a l s o  been o b t a i n e d  from t h e s e  

a n a l y s e s .  

-J 
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It has been observed  t h a t  f o r  several of t h e  v i b r a t i o n a l  modes, t h e  

lower end of t h e  c a b l e ,  whether  f r e e  o r  weighted ,  has  a tendency  t o  

s e p a r a t e .  When t h i s  o c c u r s ,  t h e  c o n t a c t  f o r c e s  normal t o  t h e  s t r a n d s  

become nega t ive  ( i . e . ,  t h e  f o r c e s  i n  t h e  s p r i n g s  ( s c a l a r  e l a s t i c  

e l emen t s )  become t e n s i l e  i n s t e a d  of compress ive) .  For t h e s e  c a s e s ,  t h e  

n e g a t i v e  f o r c e s  are n e g l e c t e d  s i n c e  they  would not  c o n t r i b u t e  t o  Coulomb 

damping. Another tendency d i s p l a y e d  in t h e s e  a n a l y s e s  is t h e  s l i p p i n g  

between s t r a n d s .  F i g u r e  5.10 shows a t y p i c a l  case. 

A s i m u l a t i o n  code has  been adopted  t o  per form t h e  " a n a l y t i c a l "  

c a l c u l a t i o n s .  The i n p u t s  f o r  t h i s  code are t h e  mode shape  v e c t o r s  and 

t h e  c o n t a c t  f o r c e s .  R e s u l t s  from t h i s  code are expec ted  i n  t h e  nex t  

phase  of t h i s  r e s e a r c h .  



6 .  CONCLUSIONS 

The phenomena a s s o c i a t e d  wi th  wire rope  damping is q u i t e  

compl i ca t ed .  A macro approximation of it u s i n g  a u n i a x i a l  Coulomb 

damper with a v a r i a b l e  f r i c t i o n  f o r c e  has  y i e l d e d  v e r y  good r e s u l t s  of 

i s o l a t o r  r e sponse .  Various NASTRAN models have been developed which are 

beg inn ing  t o  p r o v i d e  t h e  kind of a n a l y t i c a l  c a p a b i l i t y  and i n s i g h t  

r e q u i r e d  f o r  modeling of a r b i t r a r y  compl i ca t ed  wire rope  a r r angemen t s .  

S e v e r a l  o t h e r  dynamic models have been e x p l o r e d .  Beginning e x p e r i m e n t a l  

s t u d i e s  have shed some l i g h t  on a p p r o p r i a t e  w i r e  rope  c h a r a c t e r i s t i c s  

r e l a t e d  t o  s ta t ic  p r o p e r t i e s ,  damping, and dynamic r e sponse .  

S i g n i f i c a n t  p r o g r e s s  in d e r i v i n g  c l o s e d  form s o l u t i o n s  f o r  wire rope 

s t a t i c  p r o p e r t i e s  has  been accomplished and t h e i r  e x t e n s i o n  t o  dynamic 

a p p i i c a t i o n s  h a s  begun. 
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SECTION X - X  

NOTES: SECTION X-X 

FOR ROPE WITH FIBROUS CORE 
HELICAL WIRES CONTACT 

a = r  b = R  

FOR ROPE WITH METALLIC CORE 
HELICAL WIRES DO - NOT CONTACT (SHOWN) 

a = ri b = R i '  

Fig. 3.1 Rope geometry with m2 = 6 and mi = 1. 
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Fig. 3.2 Plots comparing the analytical and numerical values of 
effective modulus of rigidity of wire rope for the practical 
range of a. 
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Figure 4.2 Undamped single-degree-of-freedom model. 
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Figure 4 . 3  Rigidly connected Coulomb damper model. 

Figure 4 . 4  Elastically connected Coulomb damper model. 
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PROGRAM ISOL 
INITIAL 
CONSTANT MASS=.1359 , G=386.4 , SLOPE=97.656 
CONSTANT N=O .O , OMEGA=40.0 , UZERO=.0840 
CONSTANT TDEL=O .O , PI-3.1416 , PHASE=O.O 
CONSTANT TSTOP- 6.0 , XO=O.O , XDO=O.O 
TABLE FF, 1, 14 

/ 10.0, 20.0, 40.0, 60.0, 70.0 ... 
, 75.0, 80.0, 100.0, 120.0, 140.0 . . e  

, 160.0, 180.0, 200.0, 250.0 ... 
, 0.007, 0.007, 0.004, 0.004 / 

, 0.75, 0.85, 1.25, 0.15, 0.10 ... 
, 0.10, 2.25, 1.45, 0.50, 0.005 ... 

CINTERVAL CINT=O .002 
END $ 'OF INITIAL' 

DYNAMIC 
iJ = 2.*PIkeiviEGA 
DERIVATIVE 

F1 = UZERO*HARM(TDEL,W,PHSE) 
XDD = -G/MASS*(SLOPE*(X-F1) + FF(OMEGA)*SIGN(l.O,XD)) 
XD = INTEG(XDD,XDO) 
X = INTEG(XD,XO) 

END $ 'OF DERIVATIVE' 
TERMT(T.GT.TSTOP) 

END $ 'OF DYNAMIC' 
END $ 'OF PROGRAM' 

Fig. 4.6 Listing of ACSL program for Coulomb friction model 
with variable friction force. 



TABLE I. ISOLATOR VIBRATION TEST DATA 

Frequency 
(H,) 

10 

20 

40 

60  

70 

75  

80  

84  

100 

120 

140 

160 

180 

2 00 

250 

300 

Base Peak 
Accel. 
(g 's)  

1.1 

2.9 

6.1 

8.3 

7.6 

7.6 

10.2 

12.3 

12.45 

12.6 

12.7 

12.6 

12.2 

11.8 

11.1 

Run 2 Vertical 

Base Disp. Mass Peak 
( i n . )  

0.302 

0.170 

0.084 

0.051 

0.033 

0.028 

0.034 

= 0.032 

0.024 

0.016 

0.012 

0.008 

0.006 

0.004 

0.0025 

- 

Accel. 
( g ' s )  

1.1 

3 .O 

7.7 

18.5 

40.1 

50.6 

31.3 

15.5 

11.45 

9.6 

8.2 

7.1 

6.3 

5 -6  

4.3 

Mass Disp. R e l a t i v e  Disp.  
( i n . )  

0.309 

0.180 

0.103 

0.113 

0.181 

0.191 

0.105 

0.030 

0.014 

0.012 

0.004 

0.002 

0.003 

0.0003 

- 

( i n . )  

.0070 

.0100 

.0190 

.0620 

.1480 

.1630 

.07 10 

.0060 

-.002 

-.004 

-.004 

-.004 

-.001 

.0005 

- 
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F i g .  4.7 Theory (undamped model) vs. experiment .  
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expe r imen t .  



TABLE 11. ONE POSTULATED VARIATION OF FRICTION FORCE WITH FREQUENCY. 

F r e q u e n c y  (Hz) Ff (lb) 

10 0.75 

20  0.85 

40 1.25 

60 0.15 

7 0  

7 5  

80 

100 

120 

140 

i 60 

180 

200 

250 

0.10 

0.10 

2.25 

1.45 

0 .so 

0.005 

0.007 

0 -007 

0.004 

0.004 
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Fig. 4.9 Theory (Coulomb model w i t h  v a r i a b l e  f r i c t i o n  f o r c e )  vs. 
exper iment  . 
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Fig. 4.10 ACSL-generated 60 Hz hysteresis loop. 
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TABLE 111. NASTRAN SINGLE LOOP MODEL 

ID WIRE ROPE ISOLATOR SINGLE LOOP LINE ELEMENT HODEL 
TIME 100 
SOL 24 
CEND 
TITLE=WIRE ROPE ISOLATOR SINGLE LOOP LINE ELEMENT MODEL 
SUBTITLE= 1.25” MAJOR AXIS AND 1.125” MINOR AXIS 
LABEL= STATIC LOADING MODEL 
ECHO=BOTH 
SET 10 =1,76,51 
DISPLACEMENT=lO 
SUBCASE 1 
LABEL= ,302 LB STATIC LOADING 
LOAD= 101 
SUBCASE 2 
LABEL= ,652 LE STATIC LOADING 
LOAD= 102 
SUBCASE 3 
LABEL= ,852 LB STATIC LOADING 
LOAD= 103 
SUBCASE 4 
LABEL= 1,052 LB STATIC LOADING 
LOAD= 104 
!§OUTPUT (PLOT) 
$PLOTTER NAST 
$SET 1 =ALL 
$VIEW O., O . ,  0. 
$AXES Z,X,Y 
$FIND SCALE ORIGIN 0, SET 1 
$PTITLE=WIRE ROPE ISOLATOR SINGLE LOOP LINE ELEMENT MODEL 
$PLOT SET 1, ORIGIN 0, SET 1 
BEGIN BULK 
GRID, 1, ,-1.25,O. 0 , O .  0 ,  , 
GRID,2, ,-1.20, .315,0.0, , 
GRID,3,,-1.15,.440908,0.0,, 
GRID, 4, ,-1.10, .5343454,0.0, , 
GRID,5,, -1.05,. 6104097,O. 0 ,  , 
GRID,6,,-1.00, .675,0.0,, 
GRID,7,,-.95, .7311635,0.0,, 
GRID,8, ,-.9,. 7807208,O. 0, , 
GRID, 9,, -. 85, .8248636,0,0, , 
GRID, lo,, - .  80,. 8644218,O. 0, , 
GRID, 11, , -. 75,. 9,O. 0 ,  , 
GRID, 12,, -. 70,. 9320542,O. 0, , 
GRID, 13, ,-.65,. 960937,O. 0 ,  , 
GRID, 14,, - .  60, -986827,O. 0, , 
GRID, 15, ,-.55,1. 010248,O. 0,, 
GRID, 16, ,-.50,1.031080,0, 0,, 
GRID, 17, , - .  45,l. 049571,O. 0 ,  , 
GRID, 18, , -,  40,l. 065845,O. 0 ,  , 123456 
GRID, 19, , - .  35,l. 08,O. 0 ,  , 123456 



GRID, 20, , - .  30,l. 092120,O. 0, , 123456 
GRID,21, ,-.25,1.102270,0.0, ,123456 
GRID, 22,, -.  20,1.110507,0.0, ,123456 
GRID,23, , - .  15,l. 116871,0.0, , 123456 
GRID,24, ,- .  10, 1.12139,O. 0, ,123456 
GRID, 25,, -.  05,l. 124100,O. 0 ,  , 123456 
GRID, 26, , 0 . 0 , l .  125,O. 0, ,123456 
GRID,51, ,1.25,0.0,0.0,, 
GRID,50, , 1.20, ,315,O. 0, , 
GRID, 49,, 1.15, ,440908, 0.0, , 
GRID, 48,, 1.10, .5343454,0.0, , 
GRID, 47,, 1.05,. 6104097,O. 0, , 
GRID,46,, 1. 00, ,575,O. 0, , 
GRID, 45,, .95, .7311635,0.0, , 
GRID,44,, .9, .7807208,0. 0,, 
GRID, 43, , .85, .8248636,0.0, , 
GRID, 42,, .80, ,8644218,O. 0 ,  , 
GRID,41,, .75,. 9,O. 0, , 
GRID, 40,, .70, .9320542,0.0, , 
GRID,39,, .65,. 960937,O. 0,, 
GRID, 38,, ,60,. 986827,O. 0,, 
GRID,37,, .55,1.010248,0.0, , 
GRID, 36,, .50,1.031080,0.0, , 
GRID,35,, .45,1.049571,0.0, , 
GRID,34, , . 40,l. 065845,O. 0, ,123456 
GRID, 33,, .35,1.08,0. 0, , 123456 
GRID, 32, , .30,1.092120,0,0, , 123456 
GRID,31, , .25,1.102270,0.0, , 123356 
GRID, 30, , .20,1.110507,O.O, , 123456 
GRID,29,, . 15,l. 116971,O. 0, , 123456 
GRID,28,, . 10,l. 12139, 0. 0,, 123456 
GRID,27,, .05,1.124100,0.0, , 123456 
GRID, 52,, 1.20, -. 315,O. 0, , 
GRID,53,, 1.15,-.440903, 0.0, , 
GRID,54,, 1.10,-.534345,0.0,, 
GRID, 55, , 1.05, - ,  610410, 0.0, , 
GRID,56,, 1.00, -. 675,O. 0, , 
GRID,57,, .95, -. 731164,O. 0, , 
GRID,58,, .9,-. 780721,O. 0,, 
GRID, 59, , .85, -. 824864,O. 0, , 
GRID, 60,, -80, -.  864422,O. 0 ,  , 
GRID,61, , .75, -.  9,O. 0, , 
GRID, 62,, .70, -.932054,0.0, , 
GRID, 63, , .65, -. 960937,O. 0, , 
GRID,64,, .60,-.986827,0.0,, 
GRID,65, , .55, -1.01025,O. 0 ,  , 
GRID, 66, , $50, -1.03108,O. 0 ,  , 
GRID, 67, , -45, -1.04957,O. 0, , 
GRID, 68,, .40, -1.06585,O. 0, ,12456 
GRID,69,, .35,-1.08,O. 0, , 12456 
GRID, 70,, .30,-1.09212,O. 0 ,  ,12456 



GRID, 71,, .25, -1.10227,O. 0, , 12456 
GRID,72,, .20, -1. 11051, 0.0, ,12456 
GRID,73,, . 15,-1.11687,O. 0, ,12456 
GRID,74,, . 10,-1.12139,0.0, ,12456 
GRID, 75,, .05, -1.12410,O. 0, , 12456 
GRID,76,, 0.0,-1.125,O. 0, , 12456 
GRID, 100, ,-1.20,-.315,0. O,, 
GRID, 99, ,-1. 15, -. 440908, 0. 0, , 
GRID,98, ,-1.10,-.534345,0.0, , 
GRID,97, ,-la 05,-.61041,0.0, , 
GRID,96, (-1. 00,-, 675,O. 0, , 
GRID,95, ,-.95,-.731164,0.0, , 
GRID, 94,, - .  9, - .  780721,O. 0, , 
GRID,93,,-.85,-,824864,0.0,, 
GRID, 92,, -. 80, -. 864422,O. 0, 
GRID,91,, -.75,-.9,0.0, , 
GRID,90, ,-.70,-.932054, 0 .  0, , 
GRID,89, ,-.65,-.960937,0. 0,, 
GRID,88,,-.60,-.986827,0.0,, 
GRID,87, ,-.55, -1.01025,O. 0, , 
GRID, 86,, -.50, -1.03108,O. 0, , 
GRID, 85, , -. 45, -1. 04957, 0. 0, , 
GRID, 84,, - .  40, -1.06585,O. 0, , 12456 
GRID,83, ,-.35,-1. 0 8 , O .  0, , 1245G 
GRID,82, ,-.30,-1. 09212,O. 0, , 12456 
GRID,81, ,-.25,-1,10227,0.0, , 12456 
GRID,80,, -.20,-1.11051,O. 0, , 12456 
GRID,79, , - .  15,-1.11687,O. 0, , 12456 
GRID,78,, - .  10, -1. 12139, 0. 0,, 12456 
GRID, 77, , - *  05, -1.12410,O. 0, , 12456 
FORCE, 101,76,, .302, 0. 0, 0. 0, 1. 0 
FORCE, 102,76, , .652,0. 0 , O .  0,l. 0 
FORCE, 103,76,, .852, 0 . 0 , O .  0,l. 0 
FORCE, 104,76,, 1.052,O. 0 , O .  0,l. 0 
CBAR, 1,35,1,2,0.0,1.0,0.0 
=,*(1>,=,*<1>,*(1>,== 
=97 
CBAR, 100,35,100,1, 0. 0,l. 0 , O .  0 
PBAR, 35,75,0.013829,1.95312-5,l. 95312-5,3.90648-5 
MATl, 75,30. +5,11.54+5, ,7.324-4 
PARAM, GRDPXT, 1 
PARAM, WTMASS, 0,0025907 
ENDDATA 

1 
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i 
BH = Bearing Housing SS = S h a f t  Support  
DOCM = D i r e c t i o n  of Constrained UC = Upper Clamp 

LC = Lower Clamp 
S = Shaf t  ( f i x e d  i n  both SS's) 

Motion (of BH & UC) WRL = Wire Rope Loop 

Pig .  4.11 S i n g l e  loop wire rope expe r imen ta l  arrangement .  
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Figure  4.12 Momentum wheel  w i t h  t h r e e  i s o l a t o r  s u p p o r t  p a i r s .  



PROGRAM 
MACRO ISOPAIR( N) 

"ONE-DIMENSIONAL COULOMB FRICTION MODEL W/VARIABLE FRICTION" 
"e.g., MOST OF FIG. 4.6 CODING SLIGHTLY MODIFIED" 

LMACRO END 
ARRAY I( 3) 
CONSTANT "INPUT OF M,e,R,K's,h,m,INITIAL CONDS." 

7 
INITIAL 
"COMPUTATION OF IXX,IYY,IZZ, AND m x e" 
"CONVERSION OF IC's TO RADIANS AND RAD./SEC." 

END 
DYNAMIC 

DERIVATIVE r "ROTATIONAL EQS . FOR MOMENTUM WHEEL W/3 SYMM .-SPACED, PAIRED 
ISOLATORS" 

"FUNCTION OF MASS, e, I ~ S ,  a's, R ' S ,  i t s ,  i, $, R AND 3 ISOLATORS" 

MZ = f ( T )  

{ Q }  = /{i?}dt 

{e) = jjQ)dt 

& = /$ dt 
I $ =  / i d t  

ISOPAIR(1) 
ISOPAIR(2) INVOCATION OF MACRO'S 
ISOPAIR(3) 

THEW = SQRT(BX**~ + ey**2 + 1$**2) $ **A MEASURE OF ISOLATION" 

END $ "OF DYNAM" 

END $ "OF PROGRAM" 

Figure 4.13. ACSL model definition arrangement - 
w i r e  rope isolated momentum wheel 
([t S +] denotes sorted sections). 
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Figure 4.14 Planned output arrangement for isolator-supported 
investigation. 



Fig. 5.1. NASTRAN model of two-strand wire rope.  
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Fig. 5.2 Cross section of two-strand wire rope showing finite elements. 
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Fig .  5 . 5 .  NASTRAN model of seven-strand wire rope without 

end mass. 



Fig.  5.6. NASTRAN model of seven-strand wire rope 
with end mass. 
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F i g ,  5.7, Wo-strand wtre w p e .  



Fig. 5 . 8 .  Typical mode shape showing end separation 
(no end mass). 



Fig. 5.9. Typical mode shape showing end separation 
(with end mass). 
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Fig. 5 .10 .  Typical mode shape showing slipping between 
strands. 
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APPENDIX A. ISOLATOR SHAKER TESTS 

A comparison of t h e  a c c e l e r a t i o n s  of t h e  i s o l a t o r  base and t h e  

c e n t e r  mass i s  shown i n  F i g .  A-1 and t h e  d i s p l a c e m e n t s  of t h e  mass and 

t h e  base are shown i n  Fig.  A-2. I s o l a t o r  t r a n s m i s s i b i l i t y  and 

e f f e c t i v e n e s s  as f u n c t i o n s  of f r equency  are shown i n  F i g s .  A-3 and A-4 

r e s p e c t i v e l y .  T r a n s m i s s i b i l i t y  i s  d e f i n e d  as t h e  r a t i o  of mass 

d i sp lacemen t  t o  base d i sp lacemen t ,  and i s o l a t o r  e f f e c t i v e n e s s  is d e f i n e d  

as  one minus t r a n s m i s s i b i l i t y .  While t h e  behav io r  shown i n  t h e s e  

f i g u r e s  may not  seem a t y p i c a l  t o  t h a t  of o t h e r  v i b r a t i o n  i s o l a t i o n  

sys t ems ,  F ig .  A-2 shows a displacement  much l i k e  t h a t  of materials w i t h  

h i g h  l o s s  f a c t o r s  ( s e e  pp. 133-134 of N a s h i f ,  -- e t  a l .  (1985))  o r  

b e n e f i c i a l  damping ( s e e  pp. DDD-3 and DDD-16 of Rogers (1984) .  

A- 1 



Figure A - l  

M A S S  A N D  B A S E  A C C E L E R A T I O N S  A ' V G  

I 1 
I I I 

F + iSd88. . \A 
& l S ' d B V . 4 . 4  

1.30 5 6 . 3 3  102.00  i 4 8 . 3 0  1 9 4 . 3 0  2 4 c ,  ss 
FREQUENCY ( H Z )  

0 

AUSilRN i l N  1 'JERS i T v 



Figure A-2 
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Figure A-3 
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Figure A-4 
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APPENDIX B. W I R E  ROPE PROPERTIES 

The area moments of i n e r t i a  used i n  t h i s  NASTRAN model are found by 

u s i n g  I f o r  a circle of r a d i u s  r f o r  each  w i r e  making up t h e  w i r e  rope  

i n  combination w i t h  t h e  p a r a l l e l  axis  theorem. For s i x  s t r a n d s  p l u s  a 

c o r e  s t r a n d ,  

( B  -1 1 I = 7 I + [ n r 2 ( 2 r ) 2 ] 2  + [ l r r 2 ( r 2 ) ] 4  = 4 55lT r 2  
X C 

It can be shown t h a t  any o r i e n t a t i o n  of t h e  axes y i e l d s  t h e  same r e s u l t .  

Fo r  t h e  c a b l e  used i n  t h e  e x p e r i m e n t a l  arrangement  (one w i t h  a 

non-fibrous c o r e ) ,  Eq.  (B.1)  y i e l d s  

= I = 1.04293 x i n 4  ( B . 2 )  
I X  Y 

where r = D / 6  and D = 0.133 i n .  The p o l a r  moment of i n e r t i a  is  g i v e n  

by 

J = Ix + I = 2.085 x i n 4  ( B . 3 )  Y 

Various areas were c a l c u l a t e d ,  based on d i f f e r e n t  a s sumpt ions ,  but  were 

found not t o  a f f e c t  t h e  s t i f f n e s s  c a l c u l a t e d  from t h e  NASTRAN o u t p u t .  

Inc reased  c o n f i d e n c e  i n  t h e  s t a t i c  r e s u l t s  from t h e  model i s  

- 

a n t i c i p a t e d  p r i o r  t o  e x t e n s i v e  dynamic r u n s  of t h e  model; however, 

v a r i o u s  schemes f o r  i n c l u d i n g  damping i n  t h e  NASTRAN model and f o r  

producing t h e  r e s u l t i n g  h y s t e r e s i s  l o o p s  have been i n i t i a t e d .  

B-1 


